Explants of fetal rat sensory ganglia, cultured under conditions allowing axon and Schwann cell outgrowth in the absence of fibroblasts, occasionally develop nerve fascicles that are partially suspended in culture medium above the collagen substrate. In these suspended regions, fascicles are abnormal in that Schwann cells are decreased in number, are confined to occasional clusters along the fascicle, provide ensheathment for only a few axons at the fascicle periphery, and do not form myelin. When these fascicles are presented with a substrate of reconstituted rat-tail collagen, Schwann cell numbers increase, ensheathment of small nerve fibers occurs normally, and larger axons are myelinated. We conclude that, for normal development, Schwann cells require contact with extracellular matrix as well as axons. The Schwann cell abnormalities in suspended fascicles are similar to those observed in nerve roots of dystrophic mice.
The interaction between supporting cells and peripheral axons leading to ensheathment of unmyelinated nerve fibers, or myelin formation along larger axons, has generally been considered to involve only two elements, the Schwann cell and the axon. Our recent observations on myelinating cultures of peripheral nerve tissue indicate that contact with a connective tissue surface is also involved. This report describes the abnormalities of axonal ensheathment seen when developing Schwann cells are not in contact with a substrate, and demonstrates the correction of this abnormality when contact with a collagen surface is provided.
MATERIALS AND METHODS
The culture system used employs brief initial exposure to antimitotic agents to obtain sensory ganglion explants that spawn a rich outgrowth of axons and Schwann cells without fibroblasts or other cell types (16) . Explants were prepared from 18-to 21-day fetal rat cervical dorsal root ganglia that were stripped of much of their connective tissue capsules. One or two explants were established in each Aclar plastic minidish (Allied Chemical Corp, Morristown, N. J.) (8) which had been coated with collagen by spreading two drops of dialyzed collagen solution, prepared by acetic acid extraction of rattail tendons (3), over the 22-mm (diameter) surface and polymerizing by exposure for 2 min to NHz vapor. Subsequently, the culture dish was rinsed several times with distilled water before culture medium was added. The medium contained 25 vol% human placental serum, 10 vol% 9-day chick embryo extract, 60 vol % Eagle's minimal essential medium with Earle's salts, 0.7 vol % 200 mM l-glutamine, 3 vol % 20% glucose, and 20 U/ ml nerve growth factor (prepared according to the method in reference 2). During the 2nd wk in culture, the explants were cut out and transferred to a new collagen-coated culture dish; this maneuver leaves behind the initial outgrowth which contains considerable debris from supporting cells killed by the antimitotic agents and also lingering fibroblasts (16) . Cultures were evaluated by bright field or phase microscopy in the living state and by electron microscopy. For the latter, cultures were fixed overnight at 4~ in phosphate (0.1 M)-buffered 2% glutaraldehyde (E. M. grade, Electron Microscopy Sciences) to which 0.08 M sucrose was added, rinsed in cold Earle's balanced salt solution (BSS), further fixed in cold 2% OsO4 in BSS, rinsed again in cold BSS, dehydrated in graded ethanol solutions, and embedded in Epon-Araldite. After sectioning, the preparations were stained with uranyl acetate in absolute methanol and lead citrate (for details, see reference 6).
RESULTS
After transfer of the explant as described above, a new outgrowth forms. This initially contains axons predominantly, followed within several days by migrating and dividing Schwann cells derived from the explant area; these Sehwann cells confine themselves largely to the regions of axonal growth. Over a period of 2 wk, Schwann cells populate the entire axonal outgrowth and, during the 3rd wk, myelin may appear around the larger axons.
Axonal outgrowth occurs by the progression of growth cones across the collagen surface. When the explant is bulbous rather than flattened, some axons must grow over the sides of the explant to reach the collagen surface before progressing into the outgrowth. Although the tips of these axons attach to the substrate, their shafts do not. This phenomenon may lead to a "guy rope" configuration, the axons arising well above the substrate surface and attaching to the substrate 0.2-1 mm from the explant periphery (Fig. 1) . This phenomenon, which we have observed intermittently over the last several years, perhaps results from an inadequate connective tissue framework in this type of fibroblast-free culture. It rarely occurs in cultures in which the collagen surface has been air dried during its preparation to provide a more adhesive surface.
The suspended axons occur in fascicles, are surrounded in their suspended portions by tissue culture medium, and are loose enough to vibrate when the viewing microscope is tapped. That these fascicles lie above the substrate plane is also apparent when their oblique course is traced with the microscope focusing knob or when additional (normally ensheathed) fascicles are present on the substrate beneath them (Fig. 1) .
Schwann cell ensheathment of the suspended fascicles is consistently abnormal. Long segments of the fasciculated axons lack ensheathment, and Schwann cells are confined to clusters of varying sizes along these fascicles ( Fig. 1 ) rather than being aligned parallel to the length of associated axons in the normal way. In electron micrographs of these clusters, Schwann cells are observed to occupy a peripheral location in relation to the fascicles of axons (Fig. 2) . Their processes usually contact several axons but the ensheathment is incomplete, leaving many axons of both larger and smaller diameters unensheathed. Some Schwann cell extensions meander among axons without encircling them in a typical manner, suggesting that the process of ensheathment has been arrested; this observation is not explained on the basis of insufficient time for ensheathment, because this pattern is maintained for weeks. The Schwann cells exhibit a basal lamina and there is, FIGURE 1 Arising from the central explant (where the sensory neuronal somata are located) are typical outgrowth areas (as at * and ~) composed of nerve fibers and their ensheathing Schwann cells. An occasional neurite is myelinated in these areas, the myelin being manifest as curving dense lines. The outgrowth area emanating from the lower border of the explant is not typical in that the axon bundles are neither attached to the substrate nor ensheathed by Schwann cells; the only Schwann ceils present are in small clusters, some of which are designated by arrowheads. A thin, curving fascicle (*--*) on the collagen surface, beneath the suspended fascicles, shows normal Schwann cell ensheathment. Bright field photograph of living culture, 54 days in vitro, x 45. Fmupa~ 2 Electron micrograph of an area comparable to those designated by arrowheads in Fig. 1 . Four Schwann cells, including a small portion of one at the arrow, surround a fascicle of axons. These Schwann cells actually ensheathe only a few of the peripherally located neurites. Although a considerable gap (and therefore an apparent lack of contact) exists between some Schwann cells and the fascicle, study of serial sections has shown that at some point each Schwann cell is in direct contact with an axon (as at arrowhead). The area marked by an asterisk is described in Fig. 3. x 8 ,900. in addition, redundant basal lamina beyond the borders of the Schwann cell processes (Fig. 3) . It is known that Schwann cells form basal lamina and associated 20-nm diameter fibrils in the fibroblast-free cultures (7, 15) . The material accompanying the basal lamina in the Schwann cell clusters (Fig. 3) appears different from these fibrils and has not yet been identified. When the suspended fascicles are sectioned in areas devoid of Schwann cell clusters, few, if any, Schwann cell processes are observed, axons directly appose one another, and no basal lamina is present (Fig. 4) .
Experiments were undertaken to determine whether the juxtaposition of polymerized collagen would correct this abnormal Schwann cell ensheathment. Accordingly, narrow strips of plastic were collagen-coated (as above) and placed on top of suspended fascicles (Fig. 5) . The fascicles were visibly stretched under the strip and no longer moved with perturbation. A total of 14 fascicles lie under the strip shown in Fig. 5 ; suspended fascicles emanating from other areas of the explant served as controls.
Fascicles not covered by the strip continued to exhibit abnormal Schwann cell-axonal relationships (Fig. 6 ). In the electron microscope, the abnormal Schwann cell aggregates and intervening axonal fascicles without Schwann cells resembled those areas described above. Suspended fascicles that are only partly covered by the strip are not corrected along the uncovered portions (Fig. 7) ; the uncovered regions of these fascicles are short and also stretched by the strip and no longer move when the culture dish is perturbed. Because in these regions Schwann cell function remains abnormal, we conclude that vibration of the suspended fascicles does not by itself cause the ensheathment abnormality.
In striking contrast, the abnormal ensheathment in all 14 fascicles beneath the applied collagencoated strip was corrected within several days (Fig. 6) , beginning on the 1st day. The aggregated Schwann cells dispersed and became positioned along unensheathed portions of the fascicles as their numbers increased, and, only 6 days after strip application, myelin appeared in two fascicles. By 10 days, 13 of the 14 fascicles contained one or more segments of myelin (as in Fig. 7 ). Electron microscope study of these fascicles after 10 days under the strip revealed a remarkably rapid correction of the ensheathment deficit, including well advanced myelination (Fig. 8) . Schwann cell processes now surround almost all individual axons whether large or small (Fig. 9) . Several larger axons in these fascicles exhibit a substantial degree of myelination (up to 30 lamellae). Thus, the ensheathment of both myelinated and unmyelinated axons now resembles normally developing fascicles of this type of culture. As has been previously observed in normal cultures of this type (7, 15) , the corrected fascicles contain basal lamina marking the outward-facing surfaces of the Schwann cell and occasional closely juxtaposed 20-nm fibrils (not shown in Fig. 9) ; the redundancy of basal lamina noted in the Schwann cell clusters is not generally seen in the corrected areas. If suspended fascicles are provided with collagen, not as a coating on a strip but as a "clot" (formed by adding a drop of dialyzed collagen solution to culture medium) or as filamentous strands (from a clot that was vigorously triturated), the abnormalities are similarly corrected over a period of several days.
DISCUSSION
The observations presented indicate that normal differentiation of the Schwann cell requires not only contact with nerve fibers but also contact with a connective tissue matrix (or some material FIGURES 5 and 6 Bright field photographs of a living culture following placement of a collagen-coated strip (S) on top of suspended fascicles. 60 days in vitro; x 60. Fig. 5 : Immediately after strip placement. Fascicles under the strip as well as those next to the strip (indicated by arrows) manifest the abnormality illustrated in Fig. 1 . The areas marked by asterisks are typical outgrowth regions in which the neurites are attached to the substrate, Schwann cells are distributed along the fibers, and an occasional myelin sheath has been formed. Fig. 6 :3 days after strip placement. In contrast to the atypical fascicles that were not covered by the strip, those beneath the strip have undergone a striking change, namely, Schwann cells have divided and spread out along the fascicles to provide a more typical ensheathment. All the cells along fascicle no. 1 have presumably originated from the two clusters rather than the neighboring explant or outgrowth because the strip edge did not reach either region. associated with that matrix). Without this additional contact, the Schwann cell appears to be only able to recognize and adhere to the axon and to produce basal lamina. The normal number of Schwann cells is not attained, and the Schwann ceils present do not complete ensheathment of unmyelinated nerve fibers and do not myelinate larger axons. This abnormality of ensheathment is corrected beginning within 1 day after contact with a surface of repolymerized rat-tail collagen. Schwann cell numbers increase, unmyelinated axons are separated and ensheathed, and, within 6 days, myelin formation begins.
These results appear to relate to observations indicating that during development a variety of cell types requires contact with or close proximity to an extracellular matrix for normal differentiation (for review see reference 10). The requirement for a collagenous substratum in the differentiation of myoblasts to myotubes is perhaps the best known (9) . The evidence that a substrate of collagen and glycosaminoglycans (GAG) enhances collagen and GAG production by developing corneal epithelial cells has recently been reviewed by Hay (11) . In both these cases, it is known that several types of collagen are able to provide an effective substratum (11, 12) . In both these systems, and in the observations on Schwann cell differentiation described here, the inductive signal provided by extracellular matrix appears to fit the definition of a permissive, or secondary (as opposed to primary), induction as defined by Sax6n (14) . Secondary induction is considered permissive rather than instructive in that it permits full expression of a cell already showing some differentiated characteristics. Schwann cells on suspended axon fascicles express some ability to recognize and relate to axons but appear unable to fully express ensheathment capacity.
The Schwann cell abnormalities described above are similar to the abnormal axon ensheathment seen in certain spinal and cranial nerve roots of dystrophic mice (1, 4, 5) . These abnormalities include failure of ensheathment of both unmyelinated and myelinated nerve fibers in dorsal and ventral nerve roots. Cells believed to be Schwann cells are present in small numbers in these regions but they do not relate normally to the large number of unensheathed nerve fibers. Because these Schwann cells are similar to the cells we have observed relating to nerve fibers in the absence of a connective tissue surface, it seems reasonable to suggest that during nerve root development in the dystrophic mouse a substantial number of Schwann cells fail to receive a necessary inductive signal from connective tissue components in their immediate environment (see also reference 13). They are subsequently separated from the general tissues of the body and are suspended on the root, with no access to the required inductive signal. This would suggest the importance of studies of connective tissue components in the dystrophic mouse.
